Two new potential antifungal coumarin glycosides, 6-chlorocoumarin 7-O-β-D-glucopyranoside (1) and 7-hydroxy-4-trifluoromethyl-coumarin 5-O-β-Dglucopyranoside (2), were synthesized via enzyme-mediated glycosylation of the respective aglycone, 6-chloro-7-hydroxycoumarin and 5,7-dihydroxy-4trifluoromethylcoumarin, using transgenic hairy roots of Polygonum multiflorum. Instead of application of the isolated enzyme and exogenous sugar donors, hairy roots of P. multiflorum were successfully adapted as a whole-cell biocatalyst.
Coumarins comprise a chromenone ring, often a chromen-2-one ring. These compounds are well-known to have significant antifungal activity [1] . However, insolubility in the active range of concentrations may rule out many practically direct applications of these compounds, especially for pharmaceuticals. It is believed that dermatophytes and other microbes on the skin could metabolize glycosidic groups attached to coumarin compounds, converting them into active core coumarins against fungi [2] . The use of glycosidic coumarins as medicaments may be desirable over nonglycosidic forms, because the former are more soluble and, therefore, can be practically incorporated into suitable vehicles for therapeutic application. In this relation, halogenated coumarin glycosides have great potential for development as antifungal prodrugs [3] . In the present studies, we first investigated the glycosylation of a halogenated coumarin based on the previous study [4] [5] [6] on a test of glycosylation capacity of P. multiflorum hairy roots, using a whole-cell system as the source of glycosyltransferases and sugar donors.
Biosynthesis product 1 was isolated from the culture system. Its ESI-MS and 1 H NMR spectrum suggested that 1 should be a molecule in which a hexose was attached to the phenolic group of substrate 1. In the NMR spectra of 1, the coupling pattern of the sugar proton signals and chemical shifts of the sugar carbon signals indicated that the sugar moiety in 1 was O-β-D-glucose [7] . These results confirmed that a β-D-glucopyranosyl residue was attached to the 7-OH of 6-chloro-7-hydroxy-coumarin. Each signal in the NMR spectra of biosynthesis product 1 was assigned by comparison with the substrate [8] and related compounds [9] (Table 1 ). In this way, biosynthesis product 1 was identified as 6-chlorocoumarin 7-O-β-Dglucopyranoside (coumarin glycoside 1, Figure 1 ).
Biosynthesis product 2 was isolated as white needles (in MeOH). Its ESI-MS and 1 H NMR spectrum suggested that biosynthesis product 2 should be a molecule in which a hexose was attached to one phenolic group of substrate 2. In the NMR spectra of biosynthesis product 2, the coupling pattern of the sugar proton signals and chemical shifts of the sugar carbon signals indicated that the sugar component in product 2 was O-β-D-glucose [7] . The HMBC spectrum showed that the H-1' (signal at δ 5.08) was correlated to the C-5 (signal at δ 154.63). These results confirmed that the β-Dglucopyranosyl residue was attached to 5-OH of 5,7-dihydroxy-4trifluoromethyl-coumarin. Each signal in the NMR spectra of biosynthesis product 2 was assigned by HMBC analysis and comparison with the substrate [10] and similar compounds [11] . In this way, biosynthesis product 2 was identified as 7-hydroxy-4-trifluoromethyl-coumarin 5-O-β-D-glucopyranoside (coumarin glycoside 2, Figure 2 ).
Water solubility of the two coumarin glycosides was compared with that of their aglycones. The results showed that the water solubility of the coumarin glycosides was increased by more than 100-fold (Table 1 ). In conclusion, we developed a novel chemoenzymatic synthesis method for preparation of halogenated coumarin glycosides (coumarin glycosides 1 and 2). Hairy roots of P. multiflorum displayed a potential to be adapted as a whole-cell biocatalytic system for regioselective glycosylation of halogenated coumarins. Meanwhile, as expected, water solubility of coumarin glycosides was much higher than that of their aglycones.
Experimental
General procedures: 1D and 2D NMR, Bruker Advance 400 MHz spectrometer; ESI-MS, DSQ spectrometer (Thermo Electron Co.). Suspension cultures of P. multiflorum hairy roots were induced as reported previously [12] . The hairy roots (5 g, fresh weight) had been sub-cultured routinely every 10 days using Murashige and Skoog′s medium (MS medium, 100 mL in a 250 mL conical flask, pH 5.7). Prior to use for biosynthesis, hairy roots were cultured on a rotary shaker (110 rpm) for 8 days at 25°C.
Chemical synthesis of 6-chloro-7-hydroxycoumarin:
A mixture of 4-chlororesorcinol (4.33 g, 30 mmol) and malic acid (4.02 g, 33 mmol) was stirred slowly, and treated with conc. H 2 SO 4 (10 mL). Then the mixture was heated to 80°C gradually, and held for 40 min. After that, it was poured into ice-water (60 mL) and, 24 h later, precipitated solids were filtered off and recrystallized in ethyl acetate to afford coumarin 1 as white needles (yield 82.1%) [8] .
Chemical synthesis of 5,7-dihydroxy-4-trifluoromethyl-coumarin:
A solution of phloroglucinol (18.9 g, 150 mmol) in 1,4-dioxane (20 mL) was treated with conc. H 2 SO 4 (2 mL), and ethyl 4,4,4trifluoroacetoacetate (27.6 g, 150 mmol) solution was added dropwise. The mixture was heated to 60°C, and stirred for 6 h. Then it was poured into ice-water (30 mL). The resulting solid was removed by filtration and washed with distilled water. After removing the solvent, the residue was purified by silica gel CC eluting with light petroleum/ethyl acetate (1:1). Coumarin 2 was obtained as yellow needles (yield 29.1) [10] .
Biosynthesis of coumarin glycosides in hairy roots of P. multiflorum:
Each of the two coumarin aglycones (1.0 g) was added equally into 20 flasks of suspension hairy roots (0.05 g per flask for each coumarin aglycone). The cultures were then incubated at 25°C for 4 days on a rotary shaker (110 rpm) in the dark. After incubation, cultures and medium were separated by suction filtration. The filtered medium was extracted with EtOAc, and then further extracted with n-BuOH. Hairy roots were dried at 55°C and extracted with MeOH for 10 h (2 h × 5, 50°C). TLC analysis was employed to detect biosynthesis products in various fractions. After concentration, the extracts containing products were combined and subjected to silica gel CC using gradient elution with light petroleum-EtOAc-MeOH. Subsequently, products detected by TLC were purified by recrystallization in methanol.
Coumarin glycoside 1
White lumps, 450 mg. 1 
Determination of water solubility:
Water solubility of coumarins and their glycosides was evaluated as follows: one mg of purified compound was added to a certain volume of distilled water and ultrasound was used to accelerate dissolution of the solute in 10 min. Volumes of water were used in the order as follows: 0.1, 0.5, 1.0, 5.0, 10.0, 100, 500 and 1000 mL.
